A novel model of spontaneous Leptogenesis is investigated, where it takes place in the thermal equilibrium due to a background Nambu-Goldstone field in motion. In particular, we identify the Nambu-Goldstone field to be the Majoron which associates with spontaneous breakdown of (discrete) B − L symmetry. In this scenario sufficient lepton number asymmetry is generated in primordial thermal bath without having CP -violating out-of-equilibrium decay of the heavy right-handed Majorana neutrinos. To obtain the observed baryon asymmetry, the neutrino masses are predicted in certain ranges, which can be translated into the effective mass of the neutrinoless double beta decay.
Introduction
Baryon asymmetry of the universe is one of the biggest mysteries in particle physics and cosmology. Direct observations show that the universe contains no appreciable primordial anti-matter, although theories of particle physics treat matter and anti-matter in an equitable manner [1] . To date, the asymmetry between matter and anti-matter has been measured precisely by two independent observations, the cosmic microwave background (CMB) measurement [2] and the measurements of the primordial abundances of the light elements [3] predicted by Big Bang Nucleosynthesis (BBN). The baryon asymmetry is often parametrized by the baryon abundance,
Ω B h 2 = 0.0222 +0.00045 −0.00043 (P lanck [2] ), 0.0220 ± 0.046 (BBN [3] ) ,
or parametrized by the baryon-to-photon number ratio at today's temperature of the universe, η B ,
In view of the success of the inflationary paradigm, the baryon asymmetry generated before inflation has been diluted away, and hence, the baryon asymmetry cannot be explained by an initial condition of the universe. As pointed out by Sakharov [4] , to generate the asymmetry dynamically, following three conditions are required to be fulfilled in the expanding universe; (i) baryon number non-conservation (B violation), (ii) C and CP violation, (iii) departure form thermal equilibrium. The standard model (SM) could satisfy the all of the conditions, where (i) is achieved by quantum effect known as sphaleron [5] , (ii) is provided by the CP violating phase in the Cabbibo-Kobayashi-Masukawa (CKM) matrix, and the first order electroweak phase transition could be realized (iii) if the Higgs boson has an appropriate mass.
However, the SM fails to generate sufficient baryon asymmetry since the CP violating phase in the CKM matrix is too small, and the observed Higgs mass 125 GeV is too heavy for (iii) [6] . It is therefore of importance to explore the origin of the baryon asymmetry in physics beyond the SM.
Among various possibilities of Baryogengesis associated with physics beyond the SM, Leptogenesis is one of the most attractive mechanisms [7] . There, B violation is provided by lepton (L) symmetry breaking of the right-handed neutrino mass in conjunction with the sphaleron effect, and the condition (ii), the CP violation, is satisfied by the CP -violating phases of the neutrino Yukawa couplings. Then, lepton number asymmetry is generated when the right-handed neutrinos in the thermal bath decay slowly in an out-of-equilibrium way so that the condition (iii) is satisfied.
Leptogenesis is quite attractive since it is naturally achieved along with the seesaw mechanism [8, 9, 10, 11 ] (see also [12] ) which explains the tiny neutrino masses by the heaviness of the right-handed Majorana neutrinos.
In this paper, we investigate an alternative model of Leptogenesis which does not rely on the out-of-equilibrium decay of the right-handed neutrinos. Instead, we consider a model of spontaneous Baryogengesis which has been originally proposed by Cohen and Kaplan in Ref. [13, 14] , where, in our case, Leptogenesis takes place in the thermal equilibrium due to a background Majoron field in motion. In general spontaneous Baryogenesis scenario, the background field in motion causes level splittings between the matter and the anti-matter via its derivative couplings to the current of B symmetry. #1 Then, with efficient baryon violating processes in the thermal equilibrium, the non-vanishing level splitting leads to the baryon asymmetry of the universe. This mechanism for generating baryon asymmetry works in various setups [15, 16, 17] , and recently it is discussed that the lepton asymmetry, i.e.
spontaneous Leptogenesis, can be also achived via anomalous symmetries [18, 19] .
A notable feature of our model is the use of the Majoron which is the NambuGoldstone field associated with spontaneous (discrete) B −L symmetry breaking [20, 21] . #2 By remembering that spontaneous B − L breaking is inevitable to obtain the mass of the heavy right-handed neutrinos, this choice makes the model more economical than the models with additionally introduced field. Moreover, it is also advantageous that the derivative couplings of the Majoron to the SM fields are an automatic consequence of the spontaneous B − L breaking where they are controlled by the B − L charges of the SM fields.
This paper is organized as follows. In section 2, we explain our setup, and gives a formulation to make our notation clear. Our main results are given in section 3 where numerical analysis of the baryon abundance and some phenomenological implications are discussed. Section 4 devotes a summary.
#1 In the literature, the level splitting is often called the effective chemical potential. However, this terminology is somewhat misleading, since the chemical potential is defined to characterize the thermal bath. In this paper, we use "(dynamical) level splitting" to refer the effective chemical potential appearing in spontaneous Baryogenesis. #2 See, for example, [22, 23, 24, 25, 26, 27, 28] ) for extensive studies on phenomenological and cosmological aspects of light Majoron.
2 Spontaneous B − L symmetry breaking and Majoron oscillation
In this section we specify the model of our interest, in which right-handed neutrinos N R acquire super heavy Majorana masses via spontaneous (discrete) B−L symmetry breaking. For now, let us confine ourselves to a minimal extension of the SM with global U (1) B−L symmetry and one flavor approximation for the lepton sector. To achieve the Majorana neutrino mass from spontaneous breaking of B − L symmetry, we introduce a SM singlet complex scalar field, σ, with the B − L charge −2. With this charge assignment, the Lagrangian is given by,
Here, y ν , g N , λ H,σ,σH are dimensionless coupling constants, while v ew and v B−L are dimensionful parameters which provide the electroweak and the B − L symmetry breaking scales, respectively. The dot products denote the SU (2) invariant products,
Around the B − L breaking vacuum, we parametrize σ by
where ρ is a real part of σ, and χ corresponds to the Nambu-Goldstone boson, i.e.
the Majoron. After B − L symmetry breaking, N R acquires the Majorana mass
Since we are mainly interested in the universe where the right-handed neutrinos have decoupled from the thermal bath, it is enough to use an effective theory obtained by integrating out N R :
to take the L breaking effects into account. Here, J µ L is the fermionic lepton current, and m ν = |y ν | 2 v 2 ew /M R denotes the mass of the light neutrinos in the SM. To achieve this Lagrangian, we have redefined
should be noted that these redefinitions are just a choice of basis in field space, and hence, physical observables do not depend on the choices of the basis. #3 .
#3
It is also possible to perform computations without these redefinitions. In this case the current term does not appear, and instead, the Majoron field appears in front of the dimension five operators, 
where M Pl 2.4 × 10 18 GeV is the reduced Planck mass. We assume that these breaking operators appear with O(1) coefficients which we have omitted here. It turns out that the Majoron mass induced by the dimension n operator, m
It should be commented that the origin of the explicit breaking terms in Eq. (7) may be also attributed to spontaneous breaking of the gauged and hence U (1) B−L symmetry broken at around the Planck scale to a discrete B − L (Z 2n ) symmetry.
In the following section, we discuss how the motion of Majoron leads to spontaneous Leptogenesis in this setup.
For preparation, let us scketch how the Majoron field behaves in the expanding universe. We suppose that B − L symmetry is spontaneously broken during/before inflation. During inflation, the quantum fluctuation of the Majoron is exponentially stretched [34, 35, 36] , and the Majoron field is settled at some point on its field space.
After inflation, the Majoron field behaves according to the equation of motion,
where H is the Hubble parameter. Here we define ∂ 0 χ ≡χ, and take
with the Majoron mass m χ . In the radiation dominant epoch, the solution of Eq. (9) is obtained as
where, √ 2χ 0 is the initial amplitude. This shows that the Majoron starts to oscillate coherently when the Hubble parameter decreases down to H ∼ m χ . During inflation, the Majoron is expected to take a field value on its field space,
and hence, the initial value of the motion of the Majoron is χ 0 = O(M R ).
Once the Majoron starts to oscillate, the derivative couplings in Eq. (6) becomė
L , which eventually lead to level splittings between the leptons and the anti-leptons as we will discuss shortly. A notable feature of our setup is that the Lepton number violating processes automatically present in Eq. (6) as the dimension five neutrino mass operators, and hence, all the necessary ingredients for spontaneous Leptogenesis, i.e. derivative couplings to the Majoron and the lepton number violating interactions, are equipped with. It should be also emphasized that the dynamical level splittings violate the CP T -invariance, and hence, baryon asymmetry can be generated without satisfying the Sakharov's conditions exactly.
Spontaneous thermal Leptogenesis
As we have seen in the previous section, the motion of the background Majoron field leads to non-trivial contributions to the kinetic term of the leptons. In this section, we first discuss the kinematics of leptons in the presence of the background Majoron field. Then, we will move on to explore viable parameter regions by solving the Boltzmann equation for the lepton asymmetry.
Thermally averaged cross sections in the presence of

Majoron background in motion
To see how the level splittings appear, let us look at the kinetic terms of the leptons.
Here, let us collectively denote the charged leptons and the neutrinos by ψ with a mass m.
#4 Due to the derivative coupling to the Majoron, the kinetic term of ψ is
For ψ having momentum p = (E, p), the dispersion relation of ψ changes to E = ± m 2 + | p| 2 +µ χ due to non-zero contribution of µ χ , contrary to E 0 = ± m 2 + | p| 2 for µ χ = 0. Thus, the term proportional to µ χ causes the energy level splittings between the leptons and the anti-leptons.
#5
In the presence of the dynamical level splittings, the lepton number asymmetry is generated in thermal equilibrium by the L symmetry violating processes via the #4 Here, we discuss the case of the Dirac fermions, although the result can be applied to the Majorana fermions. #5 See the appendix A for detailed discussion.
dimension five operator in Eq. (6) . That is, as we will show by solving the Boltzmann equations, the L breaking processes smooth out imbalances in the lepton and the anti-lepton numbers caused by the level splittings.
T the relevant processes for the Boltzmann equation of the lepton asymmetry are as follows,
We express the scattering amplitudes for the process, for example,
by M a , and e
To obtain the Boltzmann equations, it is convenient to consider thermally averaged cross sections in which we approximate the distribution functions by the Maxwell-Boltzmann distribution,
where I = a, a, · · · , and we define
#6 Normalization factor n eq is given by
where g is degrees of freedom of corresponding particle.
The detailed discussion of the cross sections are shown in the appendix A, and finally we obtain σ I v as follows:
where we take massless limit. Other cross sections can be written in terms of them:
where 
Boltzmann equations
Before deriving the Boltzmann equations, let us discuss the relations among the chemical potentials so that the Boltzmann equations are reduced. First, let us list the chemical potentials of the SM particles:
Higgs boson :
where the index i denotes the flavors. 
The vanishing chemical potential µ W ± = 0 leads to further reductions,
Neutrality of the universe also puts a constraint on the chemical potentials. In general, the total charge of the universe, which is denoted as Q tot A for a quantum number A, is obtained by Q tot A = i ∆n i Q Ai where Q Ai is a charge of a particle i, and ∆n i is defined by ∆n i ≡ n particle i − n anti-particle i = 2g i T 3 /π 2 (µ i /T ) with µ i and g i being the chemical potential of particle i and its degrees of freedom, respectively.
Here we have again approximated the distributions by the Maxwell-Boltzmann dis-#7 Here, again we are neglecting electroweak symmetry breaking, and hence, µ γ,Z,W ± should be understood as the ones of the SU (2) × U (1) Y gauge bosons, strictly speaking.
tribution. #8 Thus, the total hypercharge, Q tot Y , is given by
where N g and N h are the number of generation and Higgs doublet, respectively. In the period when the electroweak interaction is in equilibrium, the Yukawa interactions are also effective in thermal equilibrium #9 , which leads to
where we have used Eq. (20) . Altogether, the neutrality condition for the total hypercharge gives the relation
Besides, we suppose that the sphaleron interaction is in thermal equilibrium during Leptogenesis occurs, which leads to
By solving above relations, we can express all the chemical potentials of the SM particles in terms of µ L ;
In particular, the baryon number
#8 The asymmetries between the particle and the anti-particle numbers are given by 1/6 and 1/3 instead of 2/π 2 for the Fermi-Dirac and for the Bose-Einstein distributions, respectively. Therefore, our numerical analyses are expected to be saddled with O(10)% errors due to the MaxwellBoltzmann approximation. #9 Strictly speaking, the Yukawa interaction of the electron-type is in thermal equilibrium only for T 10 4 GeV.
From this, we also obtain a relation between baryon asymmetry and lepton asymmetry,
where n B = −(52/93)n L by substituting N g = 3 and N h = 1 in the SM.
#10
As a result of the above reductions, we are left with only one undetermined chemical potential, µ L , and hence, we only need to solve the Boltzmann equation of µ L . By using the cross sections given in the previous subsection, the Boltzmann
where w is the wash-out factor defined by
and α is a numerical factor given by α ∼ 0.5. Here s and H are the entropy density and the Hubble parameter given by
where g * and g * s are the effective degrees of freedom for the energy and entropy densities, respectively. When the temperature is high enough, such as larger than O(100) GeV, these two effective degrees of freedom get close to each other around g * ∼ g * s ∼ 100. It should be noted that w is independent of the temperature during the radiation dominated period. The Eq. (29) can be further simplified by
wT , which can be simply solved by
where T ini denotes the initial temperature to solve the Boltzmann equation. After the decoupling of the lepton violating process, i.e. wT 1, the lepton asymmetry ends up with µ L /T = ξ L (T ).
The ratio of the baryon asymmetry to the lepton asymmetry differs from the ones in the literature due to the Maxwell-Boltzmann approximation. #11 It should be noted that the obtained differential equation is the Boltzmann equation for the total lepton charge Q tot L , and thus, we can safely omit all collision terms other than L violating terms: dQ 
Numerical results
Our goal in this section is to search for viable parameter regions for successful Leptogenesis. After inflation, the Majoron is settled at its initial position, and hence, the dynamical level splittings are vanishing in that period, i.e. lim t→0 µ χ (t) ∝ lim t→0χ (t) = 0. Besides, the chemical potentials after inflation are expected to be zero, since any asymmetry before inflation has been diluted away by inflation, i.e. µ L = µ Q = µ H = 0. With these initial conditions, we solve the Boltzmann equation Eq. (32) by the time that the temperature of the universe decreases to the sphaleron decoupling temperature T sph ∼ 100 GeV. Around the temperature T sph , the sphaleron rate is sufficiently dumped, and the baryon abundance freezes, which is determined by the lepton abundance at that time through n B = −(52/93)n L .
Notably, free parameters of new physics in Eq. (29) are only m χ and M R . Thus, by remembering that the initial amplitude is of the order of M R , the baryon abundance is given as a function of m χ for given neutrino masses. T B−L is lower than T osc , it is hard to generate enough lepton asymmetry. In the region wherem ν is small, on the other hand, T B−L is much higher than T osc , and thus, the lepton number violating interaction is not effective when the Majoron field starts to oscillate. We therefore obtain upper and lower limit onm ν . As a result, we find the allowed neutrino mass ranges for η B ∼ 6 × 10 −10 ,
It should be noted that the results are saddled with O(10)% error caused by the Maxwell-Boltzmann approximation.
Neutrinoless double beta decay
The allowed ranges ofm ν can be translated into the allowed ranges of the neutrino spectrum by taking neutrino mass orderings into account, i.e. the normal hierarchy 
#12 Quasi-degenerate spectrum is also possible experimentally. However, such spectrum is not favored for successful Leptogenesis in our scenario since wash-out effect becomes too strong. where we have taken the central values given in Ref. [37] . Then, we have two mass spectra as NH :
IH :
where m 0 denotes the lightest neutrino mass in each mass ordering. The obtained constraints have implications on the neutrinoless double beta decay whose decay width is proportional to a so-called effective mass, |m ee | 2 ,
Here, U denotes the Maki-Nakagawa-Sakata matrix parametrized by 
where s ij ≡ sin(θ ij ), c ij ≡ cos(θ ij ), and δ and α i are Dirac and Majorana phases, respectively. Once we input a neutrino mass spectra, we obtain the effective mass as a function of m 0 as shown in Fig. 3 , where the Majorana phases are scanned for [0, 2π]. It should be noted that though the effective mass also depends on the Dirac phase, the dependence is degenerated with those of the Majorana phases. The upper limit on m 0 comes from the CMB observation, i m ν i 0.9 eV [2] , which is roughly the same for both the NH and the IH cases. The range of effective mass |m ee | > 0.2 eV has been excluded by the null observations of the neutrinoless double beta decay [38, 39] .
In Fig. 3 , we show the upper limits on m 0 for the successful Leptogenesis obtained in Fig. 2 . In the case of χ 0 = M R , the IH spectrum is not successful, and hence, only the NH case is shown, i.e. m 0 1.3 × 10 −2 eV as a red dashed line. In the case of #13 Here, again it should be cautioned that we have O(10)% errors in our estimations. Refs. [38, 39] . The red dashed line shows the limit for the NH spectrum in the case of The figure shows that if |m ee | > O(10) meV is confirmed by the neutrinoless double beta decay, almost all the parameter region for the successful Leptogenesis will be excluded.
Viable models
Finally let us discuss viable models consistent with cosmological observations. Since the Majoron we are interested in is super heavy, m χ 10 10 GeV, Planck suppressed operators play important roles not only on their masses as in Eq. (7) but also on its decay rate. Here, we consider the following operators as examples:
to induce a rather large decay rate of the Majoron. #14 It should be noted that the Majoron masses generated by these operators are negligibly small compared to O 
where we assume q Φ ≥ 10, and M * is a certain high energy scale below M Pl . The (left panel) and Z 12 (right panel), respectively. In both cases, we require that the discrete symmetry is broken before inflation to avoid the domain wall problem. In adittion, we also require that the Majoron starts to oscillate well after inflation.
Thus, the Hubble parameter during inflation, H inf , is much larger than the Majoron mass. In such situation, the quantum fluctuation of Majoron field causes a baryonic isocurvature perturbation, which is constrained by CMB observations. In order to be consistent with the observations, the Majoron fluctuation should satisfy [41, 42, 43] :
this argument, at least, the condition H osc /(2πM R ) 10 −5 should be satisfied. In the figure, we show the value of H osc /(2πM R ) as the black solid lines.
#14
The decay rate via the derivative couplings is proportional to the neutrino masses, and hence, very small. In the case of Z 10 , the Majoron mass comes from O 
It is necessary to pay attention whether the Majoron dominates the primordial energy density of radiation or not before its decay, since the Majoron decay might dilute the generated lepton asymmetry. The temperature at which the Majoron dominates, T dom , depends on whether the Majoron is thermalized or not:
The Majoron thermalization occurs via the inverse decay process induced by the χ-H-H coupling, #15 where the inverse decay rate is given by Γ th ∼ (M 
and thus, the dilution does not occur. In the whole regions other than the yellow region, the Majoron does not enter the thermal bath, and the energy density of the When T osc > M R , the right-handed neutrinos are in the thermal bath when spontaneous Leptogenesis takes place, which is depicted by the deeper blue shaded region in the figure. In this region, conventional thermal Leptogenesis can take place if it is possible, and further lepton asymmetry could be generated even if the dilution occurs. Since this possibility is out of our study, however, we do not discuss further. 
Summary
We have proposed a new type of spontaneous Leptogenesis caused by the oscillation of Majoron field. As exploited by Cohen and Kaplan [13, 14] , the mechanism evades the Sakharov's conditions, and therefore our scenario can work in the case that the conventional Leptogenesis does not work, e.g., even when there are not large enough CP phases.
To explain the observed baryon number asymmetry, we find that the neutrino masses are predicted in some ranges since the resultant lepton number asymmetry strongly depends on the wash-out effect caused by the dimension five operators of the neutrino masses. As a result, we find that spontaneous Leptogenesis rather disfavors the degenerate neutrino spectrum. The effective mass of neutrinoless double beta decay is also constrained accordingly. We have also discussed viable models, which are Z 10 and Z 12 models, consistent with cosmological observations.
A Cross sections in the presence of the Majoron background
In this appendix we give detailed calculations of scattering cross sections in Majoron background.
A.1 Fermions with non-vanishing µ χ
Let us first consider a free Dirac fermion, which corresponds to the limit of the vanishing dynamical level splittings, µ χ → 0 in Eq. (11) . In this case, the Dirac field satisfies (i / ∂ − m)ψ = 0, and then we expand the solution as
where we omit spin indexes. The independent solutions u p and v p satisfy the Dirac equation for a particle and anti-particle, respectively, and hence, b p and d p are the creation and the annihilation operators of the particles and the anti-particles. The time dependence of these solutions can be expressed by the energy eigenvalues, ω 0 ( p) ≡ | p| 2 + m 2 , as follows:
where we choose a normalization by recovering spin indexes r and s as
As a result, we can expand ψ in terms of b p and d p ,
where we define p = (ω 0 , p). This leads to the momentum conservation of S matrix for 2-body process, for example, h
where M is a scattering amplitude.
Next let us see the case of non-vanishing µ χ where Eq. (49) is slightly deformed.
In this case, the Lagrangian of a fermion is given by,
Suppose the initial particles have momenta p 1 = (E 1 , p 1 ) and p 2 = (E 2 , p 2 ), and the initial total momentum is defined by P ini = p 1 + p 2 . In general, when we are in the frame where p χ = (µ χ , 0), P ini is not in its center of mass frame. Here, we call this frame as the original frame where the momentum set is {P
χ }. Each momentum is written by
On the other hand, we can take the frame of P 
These two frames, {P 
where dΩ is the solid angle element of the final state momentum. In the original frame, there is no specific three dimensional direction, and hence, the cross section is independent of the direction of P ini . We may therefore take P ini = (0, 0, p z ) without loss of generality, which leads | p χ | = p 
and hence, the phase space factors do not have µ χ dependence at the leading order.
Therefore, we find that the µ χ dependence of the reaction rates, I, should appear through the momentum dependence of the squared amplitude after phase space 
B Cross section calculations in other field basis
We here discuss an alternative and equivalent way to calculate cross sections by employing other field basis. When we achieve the effective Lagrangian given by #16 In this way we should introduce the actual lepton chemical potential so that both cases are equivalent.
Eq. (6), L and N R is rotated along to χ flat direction, and thus we have the ∂ µ χJ µ L interaction. On the other hand, physical observables should not be responsible to this transformation. Therefore, we expect that our result does not change in the case that we employ the field basis without the rotation of L. Let us confirm this anticipation.
The effective Lagrangian we are interested in is
instead of L eff given by Eq. (6) . As mentioned in the appendix A, the time-variation of χ is much slower than the time scale of the scattering process. This allows us to expand χ by a reference time as χ =χt + · · · , and thus we have e 
